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Breaking Colinearity in the Mouse HoxD Complex
this process may not only explain its conservation butTakashi Kondo and Denis Duboule*
Department of Zoology and Animal Biology also reveal general principles linking genomic organiza-
tion to transcriptional control.University of Geneva
Sciences III Amongst various hypotheses, sharing regulatory se-
quences by neighboring genes may help coordinate theirQuai Ernest Ansermet 30
1211 Geneva 4 expressions and thus constrain the clusters to maintain
this organization. However, while enhancer sharing oc-Switzerland
curs between nearby located Hox genes (GeÂ rard et al.,
1996; Gould et al., 1997; see Mann, 1997; Duboule, 1998),
this regulatory parsimony does not suggest a mecha-Summary
nism for colinear activation. Likewise, the existence of
long-range enhancer sequences acting on many genesVertebrate Hox genes are activated in a spatiotempo-
(van der Hoeven et al., 1996; Kondo et al., 1997) canral sequence that reflects their clustered organization.
hardly be instrumental in the original phase of activation.While this colinear relationship is a property of most
As a nonexclusive alternative possibility, colinearitymetazoans with an anterior to posterior polarity, the
could result from a progressive accessibility of Hoxunderlying molecular mechanisms are unknown. Previ-
genes to transcription through a directional release ofous work suggested that Hox genes were made pro-
a repressive state, for example, as a result of a transitiongressively available for transcription in the course of
from a closed to open chromatin configuration (DolleÂ etgastrulation, implying the existence of an element ca-
al., 1989; Kondo et al., 1998). In support of this, expres-pable of initiating a repressive conformation, subse-
sion of Hox/lacZ transgenes transposed upstream ofquently relieved from the clusters sequentially. We
Hoxd13 was delayed and downregulated when com-searched for this element by combining a genomic walk
pared to the same transgenes integrated randomly, sug-with successive transgene insertions upstream of the
gesting that a repressive mechanism prevented theseHoxD complex followed by a series of deletions. The
transgenes from being normally transcribed when inte-largest deficiency induced posterior homeotic trans-
grated ªposteriorlyº (van der Hoeven et al., 1996). Sec-formations coincidentally with an earlier activation of
ond, deletion of a Hox intergenic sequence followedHoxd genes. These data suggest that a regulatory ele-
by the production of a Hoxd13/Hoxd12 chimeric genement located upstream of the complex is necessary
resulted in a pattern resembling that of more anteriorfor setting up the early pattern of Hox gene colinear
genes, suggesting the presence, in the HoxD complex,activation.
of an element preventing posterior genes from being
expressed like anterior neighbors. However, while suchIntroduction
elements could help to compartmentalize the complex
to prevent access of an early active enhancer to ªlateºThe coordinate activation of Hox genes is necessary for
proper morphogenesis and organization of various body promoters, they do not provide a satisfactory explana-
tion for a colinear process. The function of these bound-structures. Around 40 such genes exist in mammals and
map at four different loci, organized as clusters spanning ary elements may therefore be secondary to another
organizing activity; hence, it may be necessary for main-approximately 100 kb of DNA (Krumlauf, 1994). Different
qualitative and quantitative combinations of HOX pro- tenance and coordination of expression rather than for
activation. Taken together, these results indicated thatteins instruct cells about developmental decisions lead-
ing to the emergence of different morphologies (Kessel the posterior HoxD complex may be subject to an early
repressive mechanism, possibly tissue specific, thatand Gruss, 1991; Rijli and Chambon, 1997). Consequently,
their expression domains must be precisely regulated would be released in a sequential fashion, either pas-
sively or in conjunction with transcriptional activation.in time and space to ensure that harmonious develop-
ment will occur. In a variety of metazoans, this task In order to map the extent of this negative control, we
seems to be controlled by a mechanism associated with scanned the 59 upstream genomic region with a Hoxd9/
the genomic topology of the genes, as a correspon- lacZ reporter transgene. As this transgene was down-
dence exists between their linear order and sequence regulated when recombined near Hoxd13, we searched
of activation (Lewis, 1978; Gaunt et al., 1988; Akam, for a position upstream of the HoxD complex where
1989; DolleÂ et al., 1989). As a result of this ªcolinearº this downregulation would disappear, that is, where the
process, genes located at the 39 end of the complexes transgene would be expressed when introduced randomly
are expressed first and more anteriorly than genes lo- in the genome. If identified, such a genomic location
cated 59, which are activated subsequently in posterior would fall outside the repressed domain and would thus
structures. This property has been largely conserved in delimit one of the two extremities between which colin-
metazoans (Duboule and DolleÂ , 1989; Graham et al., 1989), earity operates. Here, we present a strategy that com-
yet the mechanisms involved are elusive. Understanding bines a genomic walk with successive targeted integra-
tions of a reporter construct in transgenic mice. This
ªwalk and deleteº approach allowed us to subsequently* To whom correspondence should be addressed (e-mail: denis.
duboule@zoo.unige.ch). delete DNA segments predicted to contain interesting
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Figure 1. Genomic Walk Upstream of the
HoxD Complex
(A) Locations of the insertion sites for the
Hoxd9/lacZ transgene. Three phages are
shown below a scheme of the HoxD complex.
Three different insertion sites are depicted on
the top with the extent of the various homolo-
gous arms used for recombination. One site
is located between Hoxd13 and Evx2 (Ge0 or
rel0), one is on the other side of Evx2 (relI),
and the third is further away (relII). S, SacI;
N, NotI.
(B) Targeting strategy to insert the Hoxd9/
lacZ transgene. The TgH[d9/lac/neo]GeI con-
struct was electroporated in ES cells (top).
After homologous recombination, the TgH
[d9/lac/neo]GeI locus was produced (mid-
dle). These cells were treated with the Cre
recombinase to excise the PGKneo selection
cassette, giving rise to the TgH[d9/lac]GeI
configuration (also referred to as relI, for relo-
cation I).
(C) The three different rel loci produced in
this work, that is, from top to bottom, rel0,
relI, and relII. The exact same transgene is
inserted at three neighboring positions sepa-
rated from each other by approximately 12 kb.
control loci, as judged by expression of the reporter well characterized (Renucci et al., 1992; van der Hoeven
et al., 1996). A genomic walk was initiated upstream oftransgene. We show that mice lacking 50 kb of DNA
upstream of Hoxd11 activated the resident Hox genes the HoxD complex to obtain overlapping phages. Inser-
tion sites were selected at regular distances, three ofprematurely, even those located at 39 positions, unlike
mice lacking only 27 kb of DNA. Skeletal homeotic phe- which are described in this work. The first recombination
site was 4 kb upstream of the Hoxd13 initiation codonnotypes were found associated with these ectopic ex-
pressions, appearing as a series of posterior transforma- and corresponded to the point where the Hoxd9 trans-
gene had been previously inserted (see van der Hoeventions. Surprisingly, however, abnormal Hox regulation
was transient and observed only during the activation et al., 1996). It is herein referred to as TgH[d9/lac/
neo]Ge0 (Figure 1A) or ªrelocation point 0º (rel0). Thephase. Subsequently, normal expression domains were
resumed, demonstrating a biphasic regulation for verte- second site was selected 12 kb upstream of rel0, that
is, immediately downstream Evx2 (Figure 1A; relI). Thebrate Hox genes. We conclude that sequences important
for the early implementation of the colinear mechanism third relocation site was located further upstream, 10
kb from relI (Figure 1A; relII). In all cases, the directionare located immediately outside the HoxD complex and
are able to affect the regulation of this gene family at a of transcription was as for Hox genes, that is, opposite
to that of Evx2 (Figure 1B, arrows). ES cells carryingdistance. Deletion of this piece of DNA led to a semilethal
misregulation in the early activation. these configurations were injected into blastocysts, and
mice were derived for all three insertions. The PGKneo
cassette was excised by treatment with Cre recombi-Results
nase (Figure 1B for relI) to produce three lines of animals
harboring the same transgene but inserted at differentTargeted Transgenesis Upstream HoxD: ªWalk...
We produced successive targeted insertions of a Hoxd9/ neighboring positions (Figure 1C). Expressions of the
relocated transgenes were compared to each other tolacZ reporter transgene whose expression profile was
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Figure 2. lacZ Expression in Animals Car-
rying Various Relocations of the Hoxd9/lacZ
Transgene
(A) Scheme of the upstream part of the HoxD
complex with, on the top, the three insertion
sites (rel0, relI, and relII). The corresponding
expression profiles at two different stages are
shown below (B). At 8.5 dpc, b-gal expres-
sion, as measured by whole-mount in situ hy-
bridization using a lacZ RNA probe, was de-
tected only from the relII locus in the most
posterior part of developing embryos (arrow-
head). No staining was ever scored in wild-
type, rel0, or relI counterparts. The lower
panels show whole-mount enzymatic b-gal
activity using X-gal staining. All three animals
show signals in the distal parts of their limbs.
In addition, strong expression of the reporter
transgene was seen in the CNS of both relI
and relII specimens, whereas it was absent
in rel0 animals. Samples were stained over-
night.
determine the influence of the genomic location on the position (relII; Figure 2C, left panel) was nearly identical
to that seen in relI; staining was scored in distal limbs,regulation of these loci.
b-gal staining of rel0 embryos confirmed that expres- genitalia, and in developing CNS. The intensity at the
relII locus was slightly stronger than for relI; hence, somesion was detected rather late, at the time when Hoxd13
and Evx2 were activated, that is, later than the activation additional expression sites were noticed, such as dorsal
hindbrain neurons. This expression in CNS resembledof either the endogenous Hoxd9 or the randomly inte-
grated transgene (van der Hoeven et al., 1996). We com- the Evx2 expression pattern at corresponding stages
(DolleÂ et al., 1994; HeÂ rault et al., 1996; Sordino et al.,pared lacZ expression in all relocated configurations,
from 8.5 days postcoitum (dpc), using both b-gal stain- 1996). Therefore, transgenes inserted at the relI and
relII loci were controlled by Evx2 regulatory sequences,ing and RNA in situ hybridization with a lacZ probe.
Similar to rel0, relI embryos did not stain until at least whereas the rel0 locus (like Hoxd13) escaped this influ-
ence. Interestingly, in all cases, the strong signal in8.5 dpc, a time at which expression started with a profile
identical to the rel0 situation. In contrast, expression at mesoderm observed at 11 dpc for both the endogenous
Hoxd9 gene and the Hoxd9/lacZ transgene integratedthe relII site was readily detected in 8.25±8.5 dpc em-
bryos (two to four somites) in posterior developing meso- randomly (Renucci et al., 1992) was significantly sup-
pressed (Figure 2; rel0).derm (Figure 2). Therefore, a significant difference was
observed in temporal regulation at the relII locus when
compared with both rel0 and relI (Figure 2B), as if the ...and Deleteº
Since a transgene inserted at relII was expressed earlierformer position would allow for an earlier transgene acti-
vation than when placed closer to the HoxD complex. than in rel0 or relI, the mechanism downregulating the
transgene at these latter positions may not affect the relIIIn subsequent stages, expression of the transgene at
the rel0 locus resembled that of posterior Hoxd genes insertion site. This raised the possibility that sequences
necessary for organizing the 59 boundary of a potential(e.g., Hoxd13). It was expressed at the base of the allan-
tois and around the cloacal membrane. At 11 dpc, ex- repressive domain localized between relII and rel0.
Therefore, we engineered upstream deletions as a resultpression was scored in distal parts of developing limb
and genital buds (Figure 2C). At this stage, however, of our relocation strategy, whereby the rel0, relI, and
relII loci were produced in ES cells containing a loxPexpression features reminiscent of the randomly inte-
grated Hoxd9/lacZ transgene became apparent, such site 39 Hoxd11 in one chromosome (Figure 3A). As our
transgene carried a loxP site in 39, recombination oc-as staining in somites up to a body level characteristic
of Hoxd9 (prevertebra 20). This latter pattern was also curred in cis in half of the selected ES cells. These were
used to produce mice by injection of the nondeletedobserved when the transgene was integrated at relI (Fig-
ure 2C, middle panel) together with expression in the versions. Cre-induced recombination would thus bring
the Hoxd9/lacZ transgene near Hoxd10 by inducing con-developing central nervous system. In particular, col-
umns of spinal neurons stained up to the hindbrain and comitant deletions of upstream DNA segments either
until Hoxd13 (del0) or up to the second relocation sitemore anteriorly, reaching the isthmus, and a strong
staining appeared in the future cerebellum. Positive cells (delII; Figure 3B). A comparison between these deleted
configurations should reveal the functional importancewere also found scattered in the midbrain up to a sharp
boundary at the midbrain±forebrain transition (Figure 2). of sequences present between rel0 and relII. rel0 and
relII animals were crossed with Cre mice (DupeÂ et al.,In this late stage, transgene expression in the third
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Figure 3. Strategy for Targeted Deletions
(A) HoxD is shown (Hoxd9 to Evx2) together
with the rel0 and relII insertion sites. Each
targeted transgene (green) has a loxP site in
39, as indicated by a red or blue triangle below
the line of the cluster. The complex also con-
tains a loxP site downstream of Hoxd11
(black). The deletions depicted under (B) were
induced by crossing either rel0 or relII mice
with a Cre-expressing animal. The resulting
loci are shown, with del0 lacking the blue
fragment, whereas delII animals have deleted
both red and blue fragments. The difference
between these two loci is the presence or
absence of the DNA shown in red. They other-
wise have the same transgene (green) in-
serted at the same position, upstream of
Hoxd10.
1997) to produce two configurations referred to as Hox- was early lethal in a fair number of cases. In these em-
bryos, the Cre transgene was not found, showing thatDdel0 (del0) and HoxDdelII (delII; Figure 3). Specimens het-
erozygous for del0 were obtained at the expected ratio these animals were indeed fully heterozygous for delII
rather than mosaics. This result indicated that the pene-and had no apparent defect. In contrast, Cre-induced de-
letions in delII animals were usually not complete, and trance of the phenotype was variable, both in the pres-
ence and the absence of the Cre transgene. Animals8.5 dpc embryos still carried floxed chromosomes. Fur-
thermore, these mosaic specimens often transmitted homozygous for delII have not yet been recovered, even
as early as 8 dpc. Pseudohomozygous animals, that is,the relII locus instead of delII. F2 animals that had inher-
ited the deleted chromosome (full heterozygous) were hy- specimens without the wild-type chromosome but with
some mosaicism, were nevertheless obtained. Thesepofertile, which made it difficult to analyze their progeny.
Full heterozygous delII specimens appeared at birth animals sometimes survived for 5 to 8 days after birth.
Even though they displayed strong limb defects due towith a low frequency. Six out of sixty-two weaned ani-
mals were recovered (half the expected number), sug- partial deletion of Hoxd11, Hoxd12, Hoxd13, and Evx2
(HeÂ rault et al., 1996; ZaÂ kaÂ ny and Duboule, 1996), thegesting that many were lost during pregnancy along
with homozygous specimens. We isolated 8 dpc em- phenotype was not as strong as upon cis-inactivation
of Hoxd11, Hoxd12, and Hoxd13, further indicating thatbryos, and several displayed severely abnormal mor-
phologies (Figure 4). The overall aspect of the posterior Hox function had not been fully abrogated.
neural plates was modified (Figures 4A and 4B, arrow-
heads), and strikingly, somitic condensations were ei- Homeotic Phenotypes
We examined skeletons of surviving delII heterozygousther hardly visible or undetectable (Figures 4A and 4B,
arrows). When observed, somites were not properly con- animals. del0 specimens displayed wild-type skeletons;
hence, they were used as controls (Figure 4). delII skele-densed. In addition, the midline had a chaotic aspect.
We genotyped these defective embryos using a battery tons showed a range of posterior homeotic transforma-
tions. Three out of twelve specimens had 12 thoracicof PCR primers detecting the three possible chromo-
somes: a wild-type, relII, or delII copy. Segregation of vertebrae instead of 13, the most posterior one lacking
ribs on either one or both sides. Surprisingly, most ofthe Cre transgene was also followed. Surprisingly, all
abnormal embryos were delII heterozygous rather than these animals displayed transformations in structures
more anterior than those normally specified by thosehomozygous, indicating that one copy of the delII locus
Figure 4. Phenotypes of Heterozygous De-
leted Animals
Comparison between wild-type (A) and delII
heterozygous (B) fetuses at 8.5 dpc (four to
five somites). Somitic condensations are not
visible in the delII embryo (arrows), and the
posterior neuropore region is ill formed (ar-
rowheads) while the midline has a chaotic
aspect. hb, hindbrain.
(C±H) Skeletal alterations in delII mice. del0
animals display a wild-type morphology and
are used as controls. All animals are heterozygous. (C and D) Comparison between del0 and delII cervical vertebrae. The delII specimen has
an extra rib on C7 (asterisk). In addition, the axis (C2) is abnormal. (E and F) Close comparisons between dissected vertebrae show the delII
C6 with unfused and truncated anterior tuberculi (asterisk), resembling C7. delII C7 sporadically displayed a moderate phenotype with small
rib-like bones on either side (arrowhead in [F]). (G and H) In contrast to the del0 sternum (six sternebrae), delII animals often had a transformation
of the fourth sternebra into the morphology of the fifth, with three pairs of ribs articulating instead of two (H). C1 to C7, cervical vertebrae;
T1, first thoracic vertebra; at, anterior tuberculi.
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Hoxd genes removed in delII. While the most anterior
gene deleted (Hoxd11) is normally expressed up to the
lumbosacral level, the alterations observed in delII mice
were mostly concerned with cervical or thoracic struc-
tures. All animals showed a rib-like small articulation on
the seventh cervical vertebra (Figures 4C±4F), and 2 out
of 12 had extra ribs emerging from C7 (Figures 4C and
4D). Heterozygous del0 and wild-type controls showed
this small articulation with a 30%±40% frequency only
(see also Jeannotte et al., 1993).
C6 was also abnormal, as the anterior tuberculi were
either lost or not properly fused to the vertebral bone.
The resulting vertebrae had truncated tuberculi, resem-
bling the C7 morphology (Figure 4E). In addition, more
than 30% of heterozygous mice showed severe defects
in the sternum. Four sternebrae were scored instead of
five, even though the number of connecting ribs re-
mained unchanged. In delII animals, the fourth sternebra
was like the fifth, whereas the fifth had disappeared
(Figures 4G and 4H). Consequently, three pairs of ribs,
instead of two, articulated with this fifth-like sternebra
located at the position of the fourth (Figures 4G and 4H). Figure 5. Expression of the Hoxd9 Transgene in delII and del0 An-
Furthermore, 40% of delII animals showed a split neural imals
arch in T10, a level at which a transition in neural arch Schemes of both deletions are shown at the top (colors as in Figure
morphology occurs between anterior and posterior ver- 3). The upper panels show 8.5 dpc delII (left) and del0 (right) em-
bryos. While no expression was detected in del0 specimens, delIItebrae. Skeletons of mice homozygous for relI and relII
embryos show a conspicuous expression in the caudal part of thewere grossly normal. Therefore, a series of posterior
body. Panels on the bottom show the same comparison at 11.5transformations were seen in delII animals, mostly in
dpc (left older than right). The background pattern of the Hoxd9
regions located anteriorly to the functional domains of transgene is now visible in posterior trunk, up to the level 20±21. In
the deleted genes. This, together with the facts that (1) addition, anterior CNS expression was detected for the delII fetus,
alterations were seen on heterozygous animals and (2) resembling the relII or Evx2 pattern. In limbs, expression of the
transgene was a mixture of Hoxd9 pattern (strong anterior domainsthe penetrance of the phenotype was variable, sug-
in the right panel) and a distal domain (weak but clearly present ingested that delII had induced a Hox gain of function.
both panels; arrowheads). An enlargement of developing delII limbs
at 13.5 dpc shows increased expression in the digit domain (arrow-
Expression from Deficient Chromosomes head). All samples stained overnight.
We investigated whether the deletions were associated
with differences in expression of genes located in the Hoxd9/lacZ transgene in delII (but not in del0) was still
HoxD complex, 39 from the breakpoint. We first scored expressed in the CNS after deletion had occurred (Figure
the activity of the Hoxd9/lacZ transgene. In both deleted 5). Expression was as for relII animals and matched the
alleles, the transgene was located at the same position, Evx2 pattern. After deletion II, 11.5 dpc fetuses showed
upstream of Hoxd10, the difference between del0 and a lacZ pattern interpreted as a mixture of Hoxd9 and
delII being in the extent of DNA missing upstream of Evx2 expression features.
the transgene (Figure 3). In 8.5 dpc del0 embryos, the We asked whether this release of repressive effect in
reporter was either silent or expressed below our level delII animals would also affect resident Hoxd genes. In
of detection. In contrast, deletion of a larger piece of wild-type embryos, Hoxd1 activation occurs as early as
DNA led to a clear transgene expression in posterior 7.5 dpc (Frohman and Martin, 1992; not shown). Hoxd4
mesoderm (delII; Figure 5), indicating that a region lo- transcripts are observed soon after (7.5 to 7.75 dpc),
cated between rel0 and relII (red in Figure 3) was in- whereas Hoxd8 and Hoxd10 are not expressed at these
volved in transgene repression in both del0 and rel0 stages. We examined the expression of Hoxd4, Hoxd8,
mice. Subsequent analyses of delII animals showed that and Hoxd10 in del0 embryos and found no difference
the onset of lacZ expression was at 7 dpc. At this early with wild-type littermates. By contrast, in delII embryos,
developmental stage, neither the relocation (rel0, relI, expression of Hoxd4 and Hoxd10 was clearly premature.
relII) nor the del0 animals showed transgene activity. A strong Hoxd10 staining appeared in the posterior parts
Ectopic transgene expression in delII animals, however, of developing 8.5 dpc embryos, at a stage where con-
was not maintained, and at 11.5 dpc, expression in trols showed either no expression or a weak spot sug-
mesoderm was as for Hoxd9 (somite level 20±21). At gesting the onset of transcription (Figure 6B). After
this stage, the del0 locus showed similar expression genotyping, all embryos strongly positive for Hoxd10
(Figure 5). In both del0 and delII configurations, expres- were found to be of delII type. To define the earliest
sion in limbs appeared as a mixture of the Hoxd9 pattern time at which Hoxd10 expression was detected from
(strong anterior±proximal expression) with a distal do- the delII chromosome, crosses were set up to produce
main covering the presumptive digits (Figure 5, arrow- three types of litters: wild type, wild type and del0, as
heads) routinely observed with Hoxd genes and Evx2 well as wild type and delII animals. Embryos were col-
lected at day 7 and stained for Hoxd10. No staining was(Nelson et al., 1996; HeÂ rault et al., 1999). In addition, the
Cell
412
Figure 6. Expression of Hoxd Genes in 7.25 to 8.5 dpc delII or del0 Embryos
(A) Schematic of the HoxD complex with both deletions (colors as in Figure 3).
(B) Expression of Hoxd4 and Hoxd10. In the upper panels, two examples are shown of delII embryos that prematurely expressed Hoxd10
posteriorly (arrowheads), whereas del0 counterparts were negative. At 8.5 dpc, expression was strong in caudal parts of the body, the expected
place for a posterior Hoxd gene. All embryos were heterozygous. The bottom left panel shows Hoxd10 staining of a litter of 7.5 dpc embryos
derived from a cross between delII and wild-type mice. In such litters, some embryos stained at their most posterior aspects (arrowheads).
Staining was never observed in control litters derived from either wild-type mice or del0 and wild-type parents. The bottom right panel shows
the same series of crosses stained with a Hoxd4 probe. Stained embryos (arrow) were found only in those litters deriving from a delII parent.
In both cases, expression was clearly premature.
scored in litters containing wild-type or del0 embryos. mations likely derived from a transitory misregulation of
Hox genes during their initiation phase, misregulationHowever, staining was observed for several embryos in
litters containing delII specimens (Figure 6B). Some of induced by the loss of a DNA region located between
rel0 and relII.these embryos could be genotyped retrospectively, and
in all cases where the delII genotype could be diag-
nosed, the embryo was positive for Hoxd10. Expression TAMERE-Induced Upstream Deletion
We verified that the del0±delII region had such an or-was observed at the base of the developing allantois,
where Hoxd genes are normally activated later on. Iden- ganizing property by inducing a specific deletion leaving
the HoxD complex untouched. We used targeted meiotictical crosses were used to stain for Hoxd4, and compara-
ble results were obtained, that is, only embryos in litters recombination (TAMERE, HeÂ rault et al., 1998) to promote
Cre-dependent interallelic exchange. F1 males werecontaining delII specimens were found positive at a pre-
headfold formation stage, a time at which Hoxd4 is nor- produced by breeding a relII male containing a meiotic
Cre transgene (see HeÂ rault et al., 1998) with a femalemally not expressed (Figure 6B). From these experi-
ments, we concluded that both Hoxd10 and Hoxd4 were carrying a Hoxd11/lacZ transgene with a loxP site be-
tween Hoxd13 and Evx2 (Figure 7A). As Cre-inducedactivated prematurely in the delII configuration. Unex-
pectedly again, analysis of Hoxd10 and Hoxd4 expres- deletion had occured in germ cells of the parental male,
these F1 males carried the delII (instead of relII) chromo-sion in older del0 and delII fetuses did not show any
deviation from their normal profiles (not shown), sug- some (Figure 7A, Ch. 1), as well as the relocated Hoxd11/
lacZ chromosome (Figure 7A, Ch. 2) and the Cre trans-gesting that the early deregulation was not maintained
subsequently. Therefore, posterior homeotic transfor- gene. In germ cells of these males, interallelic recombi-
Breaking Colinearity in the HoxD Complex
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Figure 7. Deletion Upstream of the HoxD
Complex through Targeted Meiotic Recombi-
nation (TAMERE)
(A) The top two lines represent the homolo-
gous chromosomes (Ch. 1 and Ch. 2) used for
interallelic recombination. The relII chromo-
some (Ch. 1) with the Hoxd9/lacZ transgene
(green) and another chromosome carrying a
Hoxd11/lacZ transgene (brown) inserted at
rel0 (Ch. 2). Transheterozygous males were
produced with, in addition, a Cre transgene
expressed in meiotic cells. In germ cells of
these males, targeted crossover occurred
and produced unequal exchange between
chromosomes (light blue or magenta), giving
rise to two novel chromosomes shown below
(Ch. 3 and Ch. 4). Chromosome 3 had a dele-
tion between relII and rel0, with the Hoxd9/
lacZ transgene (green) moved upstream of
Hoxd13. Chromosome 4 showed a deletion
equivalent to del0 but with a Hoxd11/lacZ
transgene (brown) inserted upstream of Hoxd10
instead of Hoxd9/lacZ. Colors as in Figure 3.
In Ch. 1, part of the complex is drawn as
deleted (dashed red and blue lines) because
the chromosome came from the father to-
gether with the Cre transgene and thus has
undergone cis-recombination (deletion). P1
to P7 indicate the positions and orientations
of the primers used under (B).
(B) PCR genotyping of the progeny. Three
embryos are shown together (a, b, c or d, e,
f). Using the P2:P5 pair, a band was amplified
only in sample (a), which identified Ch. 3 (indi-
cated below). Likewise, the double band seen
with sample (f) when using the P6:P7 pair
revealed the presence of the reciprocal chro-
mosome (Ch. 4). Other lanes verify this typing.
(C) Expression of Hoxd9/lacZ (Ch. 1 and Ch.
3) and Hoxd11/lacZ (Ch. 2 and Ch. 4) trans-
genes in 11.5 dpc fetuses derived from the
trans-loxer male. Expected expression pro-
files were obtained for Ch. 1, Ch. 2, and Ch.
4. For example, note the slight anteriorization of the pattern in the trunk of Ch. 4 animals versus their Ch. 3 counterparts due to the small
deletion in the posterior HoxD complex (ZaÂ kaÂ ny and Duboule, 1996). These three latter configurations showed normal morphologies. By
contrast, the Ch. 3 littermate was much smaller and displayed severe malformations in the head, the face, and the caudal part. A weak lacZ
staining was detected around the proctodeum (pr) and in forelimb buds (flb).
nation should occur (Figure 7, TAMERE), generating two 11 dpc, and all showed strong morphological alter-
ations. One of them had not yet turned, though of rela-novel chromosomes, one similar to del0 but with Hoxd11/
lacZ instead of Hoxd9/lacZ (Figure 7A, Ch. 4), and the tively large size; one was very small with severe prob-
lems in the brain, the face, and the tail (Figure 7C);other harboring a specific deletion between the rel0 and
relII sites (Figure 7A, Ch. 3). F1 males of this genotype and one was slightly better looking, though a variety
of defects were scored such as reduced telencephalic(trans-loxers) were crossed with wild-type females and
their progeny analyzed during fetal development. To vesicles. The only other abnormal embryo found in these
litters was of the delII genotype. Fetuses from the otherunequivocally genotype F2 fetuses, membrane DNA was
amplified using a set of primers (Figure 7A, P1 to P7) genotypes had normal morphologies (Figure 7C). lacZ
expression confirmed genotyping. For instance, chro-identifying the four possible chromosomes produced in
the cross (Ch. 1 to Ch. 4, Figure 7A; see Experimental mosome 4 gave a lacZ pattern extending slightly more
anterior than before deletion (Ch. 2), in agreement withProcedures). Out of the first 37 fetuses genotyped, 6
carried a chromosome derived from TAMERE (Ch. 3 or previous studies (ZaÂ kaÂ ny and Duboule, 1996). In the best
conserved fetus carrying the upstream deletion (Ch. 3),Ch. 4; Figure 7B). Three fetuses were of the Ch. 3 type,
whereas three others showed the reciprocal chromo- lacZ staining was as for the delII configuration (not
shown). In the other two strongly affected Ch. 3 fetuses,some. The frequency of recombination was about 15%,
similar to that reported in our pilot experiment (HeÂ rault staining was weakly detected (if at all), due to embryonic
death (Figure 7C; left panel). This interallelic recombina-et al., 1998).
The three fetuses carrying the upstream deletion (Ch. tion experiment confirmed that a deletion between rel0
and relII was sufficient to induce strong malformations3) were severely malformed. Two were found dead at
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in heterozygous animals, even in the presence of two at the effect of different 59 deletions on transgene ex-
pression by maintaining the 39 environment unchanged.full HoxD complements.
Deletion from relII to Hoxd11 (delII mice) induced
transgene expression similar to that of the randomlyDiscussion
integrated version, that is, slightly earlier than for the
nondeleted relII locus. This indicated that the relII siteIn this work, the mouse HoxD complex was used as a
may still be the target of some repression. In contrast,model system to study the mechanistic basis of colinear-
the Hoxd9 transgene in del0 mice was activated at aity. Previously, we produced a series of transgene relo-
late developmental stage. Consequently, the DNA re-cations in the posterior part of the cluster whereby
moved in delII mice carries the potential of organizingHoxd11 and Hoxd9 reporter genes were inserted be-
colinearity at one end of the cluster. We cannot exclude,tween Hoxd13 and Evx2. In both cases, lacZ expression
however, that transgene expression in delII was modi-was downregulated and appeared delayed in time, sug-
fied after deletion of a nearby located element that wouldgesting that cis-acting sequences carried along by the
normally not be involved in Hoxd gene regulation. Wetransgenes were rather inefficient when transposed pos-
consider this possibility unlikely in view of the modifica-teriorly (van der Hoeven et al., 1996). These observations
tions in Hoxd10 and Hoxd4 expression from the delIIwere explained as the result of a repressive mechanism
chromosome. In both cases, these genes were ex-acting over posterior Hox genes, possibly through a
pressed at a time corresponding to that of Hoxd1, as ifparticular chromatin conformation. Insertion of reporter
temporal colinearity had disappeared. Since the delIIgenes into this repressed domain would lead to their
configuration induced misregulation of genes locateddownregulation (Kondo et al., 1998).
more anteriorly (such as Hoxd4), it is likely that a globalWe searched for a DNA fragment capable of organiz-
process was affected rather than a local artifactual de-ing such a repressive domain. In order to map the extent
regulation. Instead, these results support a scenarioof this repression, that is, to determine at which distance
whereby a DNA sequence upstream of the complexfrom the cluster a Hoxd9 reporter gene would escape
would trigger the formation of a repressive state, fordownregulation and recover its early expression profile,
example, as an entry point for protein aggregates furtherwe examined three relocation sites upstream of the
spreading into the complex (Kondo et al., 1998). Chro-HoxD complex. We anticipated this distance to be rather
matin-associated proteins (Lewin, 1994; Felsenfeld, 1996),short, due to the corresponding situation in the HoxA
in particular those related to the Drosophila Polycombcomplex where the distance separating Hoxa13 from
group genes, are potential candidates (van der Lugt etEvx1, the paralogous genes of Hoxd13 and Evx2, is ap-
al., 1994; Akasaka et al., 1996; Gould, 1997; Pirrotta,proximately 40 kb (Faiella et al., 1992). Unlike Evx2,
1997). Reducing the availability of such factors wouldwhich is only 8 kb away from Hoxd13, Evx1 is expressed
make 39 located genes escaping repression (Kondo etduring gastrulation and gives an early lethal phenotype
al., 1998). In this view, the absence of ªentry pointº wouldwhen inactivated (Dush and Martin, 1992; Spyropoulos
lead to premature activation.and Capecchi, 1994). This suggested that colinear regu-
Alternatively, early transgene activation in relII resultslation in HoxA did not extend more than 40 kb upstream
from the proximity of an enhancer element belonging toof Hoxa13. In contrast, the proximity of Evx2 to Hoxd13
an as yet unidentified transcription unit 59 the insertionwould account for its colinear regulation (DolleÂ et al.,
site. In wild type, this enhancer would not affect Hoxd1994). When inserted 16 kb upstream of Hoxd13, the
genes due to the presence of a boundary element be-Hoxd9 transgene behaved as if located between Evx2
tween rel0 and relII, the deletion of which would lead toand Hoxd13 and remained silent until posterior Hoxd
premature activation of 39 located genes. We think thisgenes were activated. By contrast, the same transgene
is unlikely to occur. First, the transgene in delII wasinserted 28 kb upstream of Hoxd13 (relII) was activated
expressed earlier than in relII, even though both 59 envi-earlier, only slightly later than when integrated randomly.
ronments were identical. Second, premature expressionTherefore, the 59 extremity of a potential repressive do-
of Hox genes in delII mice was at the expected locationmain appears to lie between relI and relII, less than 40
for a Hoxd gene, that is, in a subset of cells at thekb upstream of Hoxd13. This distance corresponds to
base of the allantois in the posterior part of the embryo,that found between Evx1 and Hoxa13, supporting a view
suggesting that this was controlled by an altered Hoxwhereby early colinear activation in all vertebrate com-
regulatory process rather than an unrelated foreign ele-plexes relies upon the same process, a mechanism al-
ment. Finally, no indication has been found so far toready at work before large-scale complex duplications
support the presence of a transcription unit near relII.occurred in an ancestral chordate.
Sequential activation could also follow a process related
to the locus control region (LCR) of the b-globin locusWalk and Delete
(Wijgerde et al., 1995; Higgs, 1998), a region removed inSuccessive recombinations of the Hoxd9 transgene
delII mice. In this case, however, an LCR-like mechanismwere carried out using ES cells containing a loxP site
would go backward, with genes located the nearestdownstream of Hoxd11 (GeÂ rard et al., 1996). While mice
expressed latest. Second, unlike what we observed, onewith the cis configuration were obtained for rel0 and
would expect deletion of a potential LCR to downregu-relII, clones for the relI site were exclusively recovered
late Hox gene expression.with loxP sites on different chromosomes. Therefore,
only mice deleted from the del0 and delII upstream
breakpoints were obtained. Our walk and delete strategy Activation versus Maintenance
At midgestation, delII fetuses did not maintain expres-positioned the Hoxd9 transgene 59 of Hoxd10 along with
various extents of deleted DNA such that we could look sion of genes activated prematurely. For example, while
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Hoxd10 was expressed around the presumptive cervical formed. Surviving heterozygous deleted animals were
region in day 7.5 embryos, expression by day 11 was only 10% fertile when compared to their nondeleted
restricted to the lower lumbar area, as for wild-type littermates, which made it difficult to set up crosses.
Hoxd10. Therefore, the break in spatial colinearity was Consequently, heterozygous mosaic animals (with the
subsequently corrected. In Drosophila, homeotic genes Cre transgene) were intercrossed, but only ªpseudoho-
are regulated through two distinct phases: after an acti- mozygousº animals were observed. These specimens
vation mostly controlled by segmentation genes, ex- contained the Cre transgene and had likely inherited at
pression is refined using auto- and cross-regulatory least one nondeleted chromosome.
interactions and memorized through the activity of Poly- Full heterozygous delII animals who survived to adult-
comb (Pc) and trithorax (trx) group genes (see Pirrotta, hood showed several posterior homeotic transforma-
1997). In vertebrates, the function of Pc- and trx-related tions. Strikingly, alterations were observed in the ante-
genes may be required for proper expression mainte- rior vertebral column, even though the deleted genes
nance as well (e.g., Muller et al., 1995). They may also were normally expressed in the lumbosacral region.
be involved in early Hox gene repression and thus play Such transformations are signatures of Hox gain of
a role in the activation phase (van der Hoeven et al., function, and these defects likely derived from the ec-
1996; CoreÂ et al., 1997; see Gould, 1997). In delII mice, topic expression scored during early development. It is
the absence of cross-regulatory interactions in the ec- also possible that an unknown transcription unit lying
topic expression domains may lead to their disappear- upstream of Evx2 was lost in delII, leading to the ob-
ance, whereas expression was maintained in those do- served phenotypes. This as yet undetected gene, how-
mains where posterior genes are normally transcribed, ever, would be haplo-insufficient early lethal, an unusual
hence the wild-type aspect of late expression profiles. situation. In addition, this haplo insufficiency would per-
Strong phenotypes were nevertheless observed, thus fectly mimic Hox-related posterior homeotic transfor-
confirming that Hox genes exert important patterning mations. Alternatively, deletion of the posterior HoxD
functions at an early step of mesoderm development complex (from Hoxd13 to Hoxd11 included) along with
(ZaÂ kaÂ ny et al., 1997). In this context, maintenance may the upstream region could generate the defects. Even
be required for the persistence of expression boundaries
though animals quadruple heterozygous for Evx2, Hoxd13,
to ensure proper development of those structures that
Hoxd12, and Hoxd11 did not show such transforma-
will subsequently derive from particular body levels.
tions (Y. HeÂ rault, J. ZaÂkaÂ ny, and D. D., unpublished), we
Such a maintenance phase, however, may not be neces-
checked this possibility by engineering a targeted dele-sary for the original colinear expression along the
tion between rel0 and relII through meiotic recombina-trunk axis.
tion. Three such fetuses were obtained, all showing se-Four Hoxd genes (from Hoxd10 to Hoxd13) as well
vere morphological alterations. While this number is tooas Evx2 are expressed in the same presumptive digit
low to draw firm conclusions on the strength of thedomain (Nelson et al., 1996; HeÂ rault et al., 1999), sug-
phenotype, the defects in these latter embryos ap-gesting that they all respond to a single ªdigit enhancerº
peared stronger than in delII animals, suggesting thatlocated upstream of the cluster (van der Hoeven et al.,
the presence of posterior genes (from Hoxd11 to Hoxd13)1996; HeÂ rault et al., 1999), an element that may concomi-
on the deleted chromosome may enhance the effect oftantly control expression in the tip of the genital bud
the deletion, as expected from a gain of function, rather(Kondo et al., 1997). Our walk and delete approach did
than rescue it. Posterior HOX proteins are functionallynot reveal the position of this element, as for each in-
dominant over anterior ones (Duboule and Morata,sertion or deletion, the Hoxd9/lacZ reporter transgene
1994), and one might accordingly predict strong defectsshowed expression in developing digit and genitalia.
in those embryos expressing the most posterior genesTherefore, we believe that this enhancer element is lo-
in developing anterior structures. Therefore, we are con-cated at least 30 kb upstream of Hoxd13 and can exert
fident that the alterations observed in our deleted config-its control over at least 60 kb. Likewise, the brain en-
urations resulted from an early deregulation of severalhancer acting on Evx2 was not deleted in delII animals.
Hoxd genes following the release of a repressive mecha-Such results illustrate the versatility of Hox gene promot-
nism normally acting over posterior genes during earlyers, for the same Hoxd9 sequences were able to inte-
development.grate various regulatory signals at times and places (dig-
its, brain) where it is normally not expressed.
Experimental ProceduresPhenotypes
Heterozygous delII animals showed a range of alter- Genomic Walk and Constructs
ations with variable penetrance. To circumvent problems The region located upstream of Hoxd13 was cloned using a lFIXII
associated with mosaicism, we selected fully deleted library containing mouse 129sv DNA. Three overlapping inserts ex-
specimens, that is, those animals that had inherited a tending up to 45 kb upstream of Hoxd13 were obtained. Different
fragments were isolated and subcloned to produce the targetingdeleted chromosome without the Cre transgene. How-
vectors. A 10 kb NotI±NotI fragment lying between Hoxd13 and Evx2ever, even amongst these animals, high variation was
was used for the TgH[d9/lac]Ge0 construct (rel0). A 10 kb NotI±SacIscored; only 60%±70% of them were born and survived
fragment located downstream of Evx2 was used for the TgH[d9/to adulthood. Some of the remaining 30%±40% showed
lac]GeI construct (relI), and an 8 kb BamHI±EcoRI fragment located
strong morphological alterations as early as day 8 of further downstream of Evx2 was used for the TgH[d9/lac]GeII vector
development that supposedly led to death in utero. (relII). In all cases, a Hoxd9/lacZ transgene (Renucci et al., 1992)
These latter animals had very perturbed somitogenesis, was introduced into either the NsiI, the BamHI, or the KpnI sites for
the rel0, relI, and relII constructs, respectively.and the region around the posterior neuropore was ill
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ES Cells, Chimeras, and Typing The PCR product amplified by the P2:P5 pair of primers, thus
deriving from the Ch. 3 configuration (upstream deletion), was fur-Targeting vectors were electroporated into D3 ES cells (Doetschman
et al., 1985) that contained a modification in the Hoxd11 locus ac- ther verified by digestion with KpnI. This interallelic recombination
was subsequently confirmed by subcloning and sequencing of thecompanied by a loxP site (C6 ES; GeÂ rard et al., 1996). Clones were
typed by using both internal and external probes. Homologous re- PCR product. Likewise, the fragment amplified by the P6:P7 pair
(identifying Ch. 4) was digested with BamHI. Three type 3 (Ch. 3)combinants were amplified and electroporated with a Cre expres-
sion vector to determine which clones had recombined the vector and three type 4 (Ch. 4) chromosomes appeared out of 37 11 dpc
embryos stained and genotyped.in cis with the endogenous loxP site. ES cells of these configurations
were obtained for the rel0 and relII loci, whereas the relI locus was
only produced in a trans configuration. In each case, clones were
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